We show the possibility that the observational results of the primordial gravitational waves from Planck and BICEP2 for the tensor-to-scalar ratio r can be reconciled when an early dark energy was included. This early dark energy behaves like a radiation component at very early epoch. This is equivalent to induce additional number of effective neutrino species:
I. Introduction
The Background Imaging of Cosmic Extragalactic Polarization (BICEP2) experiment [1, 2] has detected the B-modes of polarization in the cosmic microwave background, where the tensor-to-scalar ratio r = 0.20
+0.07
−0.05 with r = 0 disfavored at 7.0σ of the lensed-ΛCDM model was found. However, combining with WMAP9 polarization data, ACT and SPT, Planck group reported a much smaller tensor-to-scalar ratio, compared to that from BICEP2 r < 0.11 at 95% C.L. in the ΛCDM+r model [3] . It apparently shows the tension between these two observations. To relieve this tension, some possible extensions to the ΛCDM+r model have been discussed such as the ruining spectral index [1] introduced by BICEP2 (see also in Refs. [4, 5] ), the additional relativistic degrees of freedom beyond the three active neutrinos and photons [6] [7] [8] [9] [10] , the suppression of the adiabatic perturbations on large scales [11] [12] [13] [14] , the blue tilted tensor [15] [16] [17] , and the isocurvature mode [18, 19] and so on. In this paper, we take a somewhat related approach to investigate the possibility of relaxing the tension by considering early dark energy which mimics radiation at early epoch. Therefore, effective neutrino species [20] 
were induced, where ρ γ (a) and ρ de (a) are the photon energy density and dark energy density respectively. If dark energy contributes to the energy budge about Ω e de = 0.10 at early time, there is equivalently a half effective neutrino, when one assumes two main components: radiation+early dark energy. This effective neutrino would modify the sound horizon at recombination, then the inferred distance from both CMB and BAO would be changed. Therefore, it is helpful to relax the tension between that with local measurement of the Hubble parameter. We investigate the effects on the tensor-to-scalar * Corresponding author: lxxu@dlut.edu.cn ratio and tension relaxation in a quantitative way by performing Markov chain Monte Carlo (MCMC) analysis by using Planck, BAO and BICEP2 data.
This paper is structured as follows. In Section II, we give a brief review of an early dark energy model. The data sets and constrained results are given in Section III. Section IV is the conclusion.
II. Early Dark Energy Model
The dark energy was introduced to resolve the late time accelerated expansion of our Universe which was discovered in 1998 [21, 22] . Usually, a late time negative equation of state (EoS) for dark energy is demanded to provide a repulsive force which pushes our Universe into an accelerated expansion phase. Of course, a modification of gravity theory can also give a late time accelerated expansion at large scales. But, we mainly focus on general relativity, i.e. Einstein gravity theory, in this work. However, this dark sector could have a different character at high redshift, and it can contribute dynamically at early time. Even it acts in a decelerated manner like cold dark matter or radiation [20, 23] . In this paper, we consider an early dark energy, which behaves like a radiation component at early epoch. We take the one proposed in Ref.
[23] as a simple model. Instead of parameterizing EoS w(a) of dark energy, one can parameterize the dimensionless energy density Ω d (a) directly from the Friedmann equation
where 
here 
An interesting property of this early dark energy is that it behaves like radiation at early epoch and like dark energy at late time. And at the cross-over scale, it behaves like dark matter. For explicitly, we reproduce the evolution of EoS with respect to the redshifts z in Figure 1 , see also the Figure 1 in Ref. [23] . We will show the somehow radiation like component at early epoch is helpful to reconcile the tensor between the observed values of tensor-to-scalar ratio from Planck and that from BICEP2 quantitatively in the next section. 
III. Data Set and Results
To investigate how the tension can be reduced in a quantitative way in the framework of early dark energy model, we perform MCMC analysis by using the following data sets:
(i) The newly released BICEP2 CMB B-mode data [1, 2] . It will be denoted by BICEP2.
(ii) The full information of CMB which include the recently released Planck data sets which include the high-l TT likelihood (CAMSpec) up to a maximum multipole number of l max = 2500 from l = 50, the low-l TT likelihood (lowl) up to l = 49 and the low-l TE, EE, BB likelihood up to l = 32 from WMAP9, the data sets are available on line [25] . This dat set combination will be denoted by P+W.
(iii) For the BAO data points as 'standard ruler', we use the measured ratio of D V /r s , where r s is the co-moving sound horizon scale at the recombination epoch, D V is the 'volume distance' which is defined as [28] . This data set combination will be denoted by BAO. At first, we modified the publicly available CAMB [29] code, which calculates the CMB power spectra, to include the early dark energy model. Here the evolution of early dark energy perturbation was considered in the synchronous gaugė
following the notations of Ma and Bertschinger [30] , where the definition of the adiabatic sound speed
was used. Here H ≡ a ′ /a = aH is the comoving Hubble parameter while H =ȧ/a is the physical Hubble parameter.
We perform a global fitting on the Computing Cluster for Cosmos by using the publicly available package CosmoMC [31] in the following model parameter space
their priors are shown in the second column of The blue contours show the case of Planck+W+BAO, and the red ones are for the case with the addition of BI-CEP2. It is clearly to see that in the early dark energy model the values of r is depressed for the data combination Planck+W+BICEP2+BAO due to the fact that the early dark energy mimics the radiation component at early epoch. As a result, it makes the contours overlap in 2σ region as shown in Figure 2 . However, in 1σ regions, there is no any overlaps. Therefore, one can conclude that the including of early dark energy is helpful to relive the tension at 2σ regions. The main reason is due to the small ratio of early dark energy in the early epoch. If the ratio is large enough at early epoch, the tension would be removed completely as the case of the addition of neutrino. However, the large values are not permitted by the other cosmic observations such as CMB and BAO. As a byproduct, in the early dark energy model, [32] was removed.
IV. Conclusion
In this brief paper, we consider the possible relaxation of the tension between the observed values of the tensor-to-scalar ratio r from the Planck and BICEP2 by a special kind of early dark energy model which is characterized by its equation of state. The interesting property is that this early dark energy behaves like radiation early epoch and like dark energy at late time. And a phase transition between them happens around the reionization epoch. Therefore, at early time an effective neutrino species characterized by the ratio of early dark energy component are contributed to the energy budge. And this extra radiation component is helpful to relive the tension between the observations from Planck and BICEP2 at 2σ region as shown is this paper. However, the tension cannot be removed completely due to the small values of early dark energy contained by other cosmic observations. As a byproduct, the early dark energy model can remove the tension between observed values of Hubble parameter from Planck and the direct measurement of the Hubble constant. In this paper, we did not study the details of the sequences of phase transition of the early dark energy and the physics behind them. It deserves to be studied in the future. We expect this work can shed lights on the discovery of the nature of inflation and dark energy.
